Significantly more potent second generation 4-amino-7-chloroquinoline (4,7-ACQ) based inhibitors of the botulinum neurotoxin serotype A (BoNT/A) light chain were synthesized. Introducing an amino group at the C(3) position of the cholate component markedly increased potency (IC 50 values for such derivatives ranged from 0.81 to 2.27 μM). Two additional subclasses were prepared: bis(steroidal)-4,7-ACQ derivatives and bis(4,7-ACQ)cholate derivatives; both classes provided inhibitors with nanomolar-range potencies (e.g., the K i of compound 67 is 0.10 μM). During BoNT/A challenge using primary neurons, select derivatives protected SNAP-25 by up to 89%. Docking simulations were performed to rationalize the compounds' in vitro potencies. In addition to specific residue contacts, coordination of the enzyme's catalytic zinc and expulsion of the enzyme's catalytic water were a consistent theme. With respect to antimalarial activity, the compounds provided better IC 90 activities against chloroquine resistant (CQR) malaria than CQ, and seven compounds were more active than mefloquine against CQR strain W2. | J. Med. Chem. 2014, 57, 4134−4153
■ INTRODUCTION
Antimalarial compounds consisting of two 4-amino-7-chloroquinoline (4,7-ACQ) components linked by flexible tethers were identified as some of the first small molecule botulinum neurotoxin serotype A light chain (BoNT/A LC) inhibitors. 1 Shortly thereafter, we discovered that antimalarial agents composed of a 4,7-ACQ component coupled with either an adamantane or a cholic acid derived component provided effective dual inhibitors of the BoNT/A LC and Plasmodium falciparum strains D6 and W2 strains. 42, 43 This discovery led to a model in which 4,7-ACQ-based antimalarials are/have been modified with the intent of also generating novel BoNT/A LC inhibitors and vice versa. 47 Accordingly, we continued to synthesize new derivatives to probe structure−activity relationships for such chemotypes and to generate more potent BoNT/A LC inhibitors that, because they incorporate a 4,7-ACQ moiety, would be expected to be prospective antimalarial agents.
Botulinum neurotoxins (BoNTs), exotoxins secreted by anaerobic, spore-forming bacterium Clostridium botulinum, are the most potent of biological toxins. 2 BoNTs are responsible for the potentially fatal disease botulism, which is most commonly associated with food contamination, wound infection, and colonizing infection in infants. However, because of ease of production, dissemination, 3 lethality, 4 and amenability for use as biological weapons, 5 BoNTs are classified as category A biothreat agents by the Centers for Disease Control and Prevention (CDC).
There are seven known BoNT serotypes (identified as A−G). Each cleaves a specific peptide bond in one or more of three proteins that form the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE complex). 6, 7 The interaction of these three proteins facilitates the transport of acetylcholine into neuromuscular junctions. Botulinum neurotoxins are secreted as single polypeptide chains and, following post-translational processing, are composed of a heavy chain (HC) subunit and light chain (LC) subunit; the two subunits are covalently linked by a disulfide bridge. 8, 9 The HC, which comprises two domains of ∼50 kDa, is responsible for mitigating toxin internalization and release into the neuronal cytosol via an acidic endosome. The C-terminal domain (i.e., the ganglioside and protein receptor-binding domain) binds to the neuronal cell membrane and mediates the internalization of toxin containing endosomes; the N-terminal domain facilitates the release of the LC from the endosome into the cell cytosol. The LC is a zinc-dependent metalloprotease that cleaves SNARE proteins. This proteolysis eliminates neurotransmitter release into the synaptic cleft, thereby causing the flaccid paralysis that is medically diagnosed as botulism.
BoNT serotypes A and E cleave synaptosomal-associated protein of 25 kDa (SNAP-25). 10 Serotypes B, D, F, 11 and G cleave vesicle-associated membrane protein, 12 and serotype C1 cleaves both SNAP-25 and syntaxin. 13 The BoNT/A LC is the most potent and longest acting of the BoNT LC serotypes in the neuronal cytosol. 14 For example, the BoNT/A LC is 10 6 -fold more potent than cobra toxin and 10 11 -fold more deadly than cyanide. The lethal dose of BoNT/A holotoxin is estimated to be between 1 and 5 ng kg −1 for humans. 15 Currently, there are no small molecule therapeutics available to treat botulism. And while antibody-based vaccines are available, 16 this avenue of treatment is limited by a short window of therapeutic opportunity, since such biomolecules cannot penetrate into the cell cytosol. 4 Hence, developing small molecules that will effectively inhibit BoNT LC proteolytic activity postneuronal intoxication is of particular interest.
A variety of BoNT/A LC inhibitors have been reported 17 and range from compounds bidentate coordinating the enzyme catalytic Zn 2+18 to allosteric inhibitors. 19 In general, the most potent BoNT/A LC inhibitors reported to date possess K i values ranging from 0.1 to 10 μM and include hydroxamic acid based compounds 1 and 3, 20 2,5-diphenylthiophene derivative 2, 21 betulin derivative 4, 22 naphthopyrone 5, 23 and chrysene 6 24 (Chart 1).
Malaria is a devastating global health threat, with nearly half of the world population at risk of being infected. 25 Malaria is caused by five Plasmodium species: P. falciparum, P. ovale, P. vivax, P. malarie, and P. knowlesi, of which P. falciparum, which causes cerebral malaria, is the major cause of mortality. Malaria parasites contain an acidic food vacuole (FV) that digests hemoglobin (Hb), and it is generally accepted that the FV is the site of action for a number of aminoquinoline (ACQ) based drugs. The heme obtained from Hb degradation is toxic to the parasite and is therefore transformed into insoluble hemozoin pigment, while the globin is hydrolyzed into individual amino acids. Antimalarial drugs that are active within the FV appear to kill the parasite by either producing toxic free radicals 26 or blocking hemozoin formation, as in the case of ACQ-based drugs. 27 The development of widespread drug resistance to chloroquine (9, CQ, Chart 2), one of the most successful antimalarial drugs, has resulted in severe health issues for countries in malaria endemic regions. Although collected data indicate that mutations in the P. falciparum CQ-resistant transporter (PfCRT), multidrug resistance protein 1 (PfMDR1), and multidrug resistance-associated protein (PfMRP) are responsible for malaria parasite resistance to CQ and its analogues, 28 additional analyses appear necessary to fully corroborate such data. 29 Therefore, significant focus has been placed on the syntheses of peroxide antimalarials, 30 as well as on the development of other chemotypes that prevent heme polymerization. 31 Nevertheless, various ACQ-based derivatives are being investigated for their antimalarial activity, either since they appear highly active and nontoxic, such as pyrrolizidine-ACQ compounds 32 and aminoquinoline AQ-13, 33 or because of their contribution to the development of SAR, for example, compounds such as 4-N-, 4-S-, or 4-Oalkylaminoquinoline derivatives. 34 Hybrid adducts of various biologically active compounds covalently bonded to the ACQ moiety, 35 such as reversal agents, 36 complexes with Au and Ru, 37 antibiotic azithromycin, 38 2-imidazolidine and ferrocenyl derivatives, 39 and tetraoxanes, 40 are of special interest. Very recently, a breakthrough in the antimalarial field has been achieved: quinolone antimalarials that target the parasite's liver and blood stages, as well as forms that are crucial to disease transmission, have been reported. 41 As indicated above, we previously described the synthesis and inhibitory activity of BoNT/A LC inhibitors possessing a 4,7-ACQ moiety covalently tethered to either a cholic acid derived or an adamantane component. The compounds were database mined using a pharmacophore for BoNT/A LC inhibition 42 and were originally synthesized as antimalarial agents. Examples include 7, 8, and 10 (Chart 2). In vitro testing indicated that the compounds inhibit the BoNT/A LC with IC 50 values in the low micromolar range. Furthermore, it is important to note that several of the derivatives provide potent antimalarial activity against CQR strain W2 and multidrug resistant strain (MDR) TM91C235. 43 For example, 7 was very active in vitro against P. falciparum CQR and CQ susceptible (CQS) strains, with a resistance index (RI (W2/D6)) of 0.65. 43 This compound also cured mice infected with P. berghei in a Thompson test. 44 Herein, we present second generation 4,7-ACQ-cholate based inhibitors of the BoNT/A LC that are significantly more potent than initially discovered leads. 42, 43 In particular, we expanded our understanding of the SAR for this inhibitor chemotype via the generation of compounds with a variety of substitutions on the C(3) position of the cholic acid component. In addition, it was anticipated that such an approach would facilitate the synthesis of bis(4,7-ACQ)-cholic acid derivatives, which became desired target molecules (based on the promising activities of compounds 7, 8, and 12 (Scheme 1). 42 Finally, because initially discovered derivatives of the 4,7-ACQcholic acid chemotype were originally developed as antimalarial agents, the compounds prepared during this study were also examined for potency against three P. falciparum strains. Overall, the unique capacity of this general chemotype to provide both inhibition of the BoNT/A LC and antimalarial activity provides a paradigm that facilitates the repositioning of derivatives based on target potency.
Synthesis. The syntheses of the target compounds are presented in Schemes 1−6. Derivatives 12−15 were synthesized using a previously described procedure. 43 Hydrolysis of the acetate at C(3) afforded corresponding alcohols 16−19, which were further oxidized with IBX in DMSO in the presence of TFA to ketones 22−25 (Scheme 1). Derivatives 12 and 13 were selectively N-methylated using 37% formaldehyde and NaBH(OAc) 3 .
Key intermediates for the synthesis of N-alkylated congeners 36−57, i.e., compounds 33−35, were obtained from precursor 26 45 (Scheme 2). In the first step, the free amine was protected as an acetate, mesylate, or Boc derivative (27, 28, or 29, respectively) . Subsequently, selective hydrolysis and reduction of the intermediate mixed anhydrides (reaction steps b and c, respectively) (Scheme 2) afforded compounds 33−35 in 54−80% overall yield. The three intermediate compounds were subsequently transformed (via the above indicated procedure) using N-(7-chloroquinolin-4-yl)ethane-1,2-diamine (ACQ2) or N-(7-chloroquinolin-4-yl)propan-1,3-diamine (ACQ3) into respective derivatives 36−41 (Scheme 3). N-Mesyl and N-Boc derivatives 38−41 were methylated using 37% formaldehyde to yield 42−45, respectively. After removal of the N-Boc protecting group, permethylated products 56 and 57 were obtained in two steps from 44 and 45, respectively. On the other hand, 40 and 41 were transformed into 3α-(N,N-dimethyl) derivatives 50 and 51 by protective group manipulation using Fmoc and Boc protection groups (Scheme 4). Finally, derivatives 52 and 53, which contain primary amino groups, were obtained from 40 and 41 via the removal of the N-Boc group with 50% TFA in DCM (Scheme 3).
In the above reductive amination of the aldehyde derived from 35 with ACQ2 or ACQ3, bis-steroidal 4,7-ACQ derivatives 58 and 59 were also isolated as double alkylation byproducts (Scheme 5). Bis-steroidal 4-aminoquinoline derivatives 60 and 61, which possess free amino groups at position C(3), were obtained after the deprotection of 58 and 59, respectively.
Additional targets of the present work, bis-4,7-ACQ derivatives 62−68 (Scheme 6), were obtained as diastereomers at C(3) from 24-ACQ-ketones 22−25 (Scheme 1) via reaction with respective ACQ-amines. However, the products were obtained in rather low yield, and derivatives with shorter linkers, i.e., 62 and 63, having two and three methylene groups, respectively, were not separated into single isomers and were therefore tested in the biological assays as mixtures.
The structures of all synthesized compounds were confirmed by spectral and analytical techniques. The purity of all tested compounds was determined with Waters and Agilent HPLC instruments and was ≥95% for all. Analytical details are provided in the Experimental Section and Supporting Information.
Inhibition of the BoNT/A LC. The inhibitory efficacies of derivatives 12−68 at 20 μM, employing a well-established HPLC-based assay for BoNT/A LC inhibition, 46 are shown in Table 1 . The assay uses a synthetic substrate that contains the SNAP-25 scissile bond (SNAP-25 residues 187−203 of SNAP-25), and proteolytic activity is determined via comparison of the peak areas of the products versus the intact substrate. 57 In the assay, CQ exhibited only marginal inhibition of the BoNT/ A LC (6.51% at 20 μM), which clearly emphasizes the importance of the cholic acid component; 47 the cholic acid component not only contributes to the overall amphiphilic character of the inhibitors but also results in additional interactions with amino acid residues in BoNT/A LC binding cleft (vide infra).
The first set of inhibitors (12−15) was prepared to evaluate the effect on activity of increasing the length of the methylene bridge between the steroid core and the 4,7-ACQ component; the results indicated that increasing the length of the methylene bridge did not significantly affect inhibitory potency. Moreover, the results indicated that within the ACQ2 (compounds 12, 16, 22) , ACQ3 (compounds 13, 17, and 23), and N-(7chloroquinolin-4-yl)hexane-1,3-diamine (ACQ6, compounds 15, 19, and 25) series, transformations at C(3) from Ac to OH to CO generally diminished the inhibitory activities of were the exception. Among derivatives with nonbasic substituents at C(3) (Scheme 1), the most active were acetate 13 (IC 50 = 2.28 μM) and keto derivative 23 (IC 50 = 2.32 μM).
The introduction of a basic amino substituent at the C(3) position of the steroid component markedly increased inhibitory potency. Among this set of compounds, the most active was ACQ2 derivative 52, which contains an NH 2 group at the C(3) position and a secondary amino group at the C(24) position (IC 50 = 0.81 μM). The activity of this compound was followed by ACQ2 derivative 50 (IC 50 = 1.02 μM), which possesses a tertiary amine at the C(3) position. The observed results suggest that for potent BoNT/A LC inhibitory activity the presence of an ionizable amino group at the C(3) position is critically important. The least active compounds are cholic acid derivatives with acidic NH groups (i.e., N-Ms and N-Boc) at C(3) (see 42 (IC 50 = 24.97 μM) and 44 (IC 50 = 6.78 μM)); both are ACQ2 derivatives. For derivatives in which amino groups at C(24) and/or C(3) were methylated, BoNT/A LC inhibitory activity was not significantly affected (for comparisons see 52 → 54, 53 → 55, 54 → 56, and 55 → 57).
It has been shown that the catalytic cleft of the BoNT/A LC is very plastic 48 because of the mobility of flexible loop regions. Hence, we hypothesized that the cleft can conformationally adapt to accept large molecules, 49, 50 Consequently, we examined two additional subclasses: bis-steroidal 4,7-ACQ derivatives (58−61) and bis-4,7-ACQ cholic acid derivatives (62−68). Both groups of sterically demanding inhibitors substantially enhanced inhibition. A significant increase in inhibitory activity was observed after removal of the N-Boc protecting group, 59 (6%) vs 61 (93%, IC 50 = 0.63 μM), which confirmed the importance of the presence of a basic amino group at C(3) for good activity. The bis-4,7-ACQ derivatives all inhibited the enzyme by ≥95% at 20 μM and retained comparable levels of potency at 10 μM (see Table 1S in Supporting Information). The K i values of these derivatives were found to be lower than 0.4 μM, with compound 67 being the most potent derivative (K i = 0.103 μM).
As an important step in further evaluating the inhibitors, three derivatives that were found to enter cells were examined for the ability to protect SNAP-25 during BoNT/A challenge in primary neurons ( Table 2 ). Western blot analysis was used to determine the relative concentrations of intact and cleaved SNAP-25 in treated and control cells. The experiments were performed using 1.5 μL of a 10 mM concentration of ligand in the presence of 10 μL of a 50 nM solution of BoNT/A. The results indicate that 3-amino derivative 52 significantly protects SNAP-25 versus corresponding 3-(N-acetyl) derivative 36 (77 % vs 16 %, respectively), further confirming the importance of a basic amino substituent at cholic acid position C (3) . Somewhat better results were obtained with bis-steroid derivative 60.
In the presence of 5 μL of a 100 nM solution of antibiotic bafilomycin (Baf) SNAP-25 protection is slightly higher (77% with 52 only and 88% upon Baf addition vs 60 (89% alone and 96% upon 5 μL of Baf (100 nM) addition)). Using 25 μL of a 100 nM solution of Baf provided no further increase in protection. The results suggest that 4,7-ACQ-cholate-based inhibitors can successfully protect SNAP-25 in the presence of the BoNT/A holotoxin, with a slight additive effect when given in combination with Baf (a universal antagonist of all BoNTs in cell culture that acts by inhibiting the release of the LC into the neuronal cytosol 3 ). Docking Simulations. To rationalize the inhibitory potencies of the new derivatives, structure-based docking simulations were performed using Schrodinger Suite 2011 and the modules therein. 51 The structure of the BoNT/A LC used in this study was obtained from X-ray crystal structure PDB code 3DS9. 52 For compounds 12−57, which are composed of a single steroid and ACQ component, all docking studies indicated that a carbonyl oxygen from the acetoxy (AcO-) group at C(7) (steroid numbering) coordinates the enzyme's Zn 2+ (Figure 1 ) while concomitantly expelling the catalytic water. This effectively disables the enzyme's proteolytic activity (see ligand interactions diagrams, Figures S1−S3). Importantly, this is a main difference versus previously described models in which no coordinate interaction with the Zn 2+ was observed. 42 Strong salt bridges and H-bonds between the N-C(24) ammonium cations of the ligands (i.e., from secondary or tertiary nitrogens) and
Glu164 and/or Glu55 (Figure 1 ; see also Figure S1 ) were observed. Specifically, derivatives possessing secondary ammonium cations engaged in interactions with both Glu164 and Glu55, while derivatives with tertiary ammonium cations, because of steric hindrance, interacted with only with Glu55. These results appear to rationalize the improved inhibitory potencies of compounds possessing secondary ammonium cations versus derivatives with tertiary ammonium cations but which possess the same substituent at the C(3) position: 12 (74.00%) vs 20 (33.28%); 53 (84.80%, IC 50 =1.04 μM) vs 55 (81.38%, IC 50 =1.13 μM); 52 (89.34%, IC 50 = 0.81 μM) vs 54 (89.48%, IC 50 = 1.14 μM).
Another key interaction observed for inhibitors 12−57 was a strong cation−π interaction between the ligand's 4,7-ACQ moiety and Arg231, with surrounding residues forming a pocket in which the aromatic component engages in hydrophobic collapse (Figures S1−S6).
Favorable interactions were also observed between substituents on the C(3) positions of the inhibitors' cholic acid components and proximal residues. Importantly, these interactions appear to be heavily weighted with respect to rationalizing the inhibitory efficacies of ligands having neutral and basic C(3) substituents. Ligands with acetoxy and hydroxy groups can engage in an H-bond with Tyr366 ( Figure S1 and Figure S2 ). Moreover, the methyl group from the acetoxy substituent may additionally stabilize the ligand−enzyme binding event through hydrophobic interactions with Phe369 and Tyr366. Hence, these interactions explain the more efficacious inhibition provided by the 3-acetoxy vs 3-hydroxy derivative (cf. 12 vs 17). Ligands possessing a C(3) amino group engage in favorable salt bridges and H-bonds with Glu252 and/or Asp370 (Figure 1 ; see also Figures S1 and S3). Ammonium cations derived from primary amino groups engage in interactions with both amino acid residues (52, 53, 54, and 55), while derivatives with tertiary nitrogens achieve interactions with only Asp370 (50, 51, 57, and 56). These strong electrostatic interactions could explain the increase in activity for the ligands with basic C(3) substituents when compared to noncharged substituents. Furthermore, ligands with primary ammonium cations can form two stabilizing interactions, while those with tertiary ammonium cations can engage in only one salt bridge. This is in accord with their activities and explains why compounds with the same substitution at C(24) follow the same relative activity patterns: 52 (IC 50 = 0.81 μM) vs 50 (IC 50 = 1.02 μM); 54 (IC 50 = 1.14 μM) vs 56 (IC 50 = 2.27 μM). The same relationship was also observed for compounds from the ACQ3 series, e.g., 53 (IC 50 = 1.04 μM) vs 51 (IC 50 = 1.34 μM).
The above observations can also explain the change in inhibitory activity in the sequence 52 → 50 → 56. In this series of ligands, the introduction of methyl groups on positions C(24) and C(3) leads to a decrease in interaction strength with acidic residues and consequently to a decrease in the activities of the ligands. The experimental results seem to further support the models based on observed decreases in the activities of ligands possessing BocNH or MeSO 2 NH groups (42, 44 vs 54, and 43, 45 vs 55).
Next we examined derivatives possessesing 4,7-ACQ substituents linked to both positions C(3) and C(24) of the steroidal core. One series possesses an α-bonded ACQ substituent at C(3) (66 and 68, Figure S4 ), and the other possesses a β-bonded ACQ at C(3) (64, 65, and 67, Figure 2 ; see also Figure S6 ). The simulation results indicate that compounds of the α-C(3) series, i.e., 68 and 66, oriented similarly to the members of the mono-ACQ series but with some emerging differences. Most distinctive was a lack of any interactions by the amino group at C(3). For these ligands, with Tyr366, and for 68, an additional H-bond with the hydroxyl substituent of Tyr366 is predicted ( Figure S4 ). In addition, the second 4,7-ACQ ring is stabilized via H-bonding with Thr176.
Compound 68 is also stabilized through an H-bond with Ser259. Furthermore, model analysis indicates proximity between the side chain of Pro239 and the quinoline core of the C(24) 4,7-ACQ component. The role of proline interactions with aromatic moieties in the stabilization of small molecule binding has been reported 53 ( Figure S4 ). β-C(3) derivatives are predicted to dock in the substrate binding cleft in the opposite direction versus α-C(3) derivatives. However, the β-C(3) derivatives retain the three major binding points indicated above: i.e., coordination of the enzyme's catalytic Zn 2+ , a salt bridge with Glu164, and hydrophobic stabilization of the 4,7-ACQ aromatic core are all observed. In the β-C(3) series the coordination to Zn 2+ is achieved via the carbonyl oxygen of AcO-C(12) and the salt bridge with Glu164 is formed via the protonated amino group at C(3) (Figure 2 ; see also Figure S6 ). Favorable hydrophobic interactions are observed between the 4,7-ACQ core linked to C(24) and the pocket composed of the same amino acid residues observed for α-C(3) derivatives. Additional interactions in this area are π−π stacking and H-bonding with Tyr366. New, stabilizing interactions include H-bonds or salt bridges between C(24) ammonium groups and Glu252 and Asp370. For 67 and 65, the second 4,7-ACQ component engages in H-bonding with Asn174; this interaction is possible because of a longer alkyl chain spacer compared to 64. The carbonyl oxygen from the acetate at C(7) of compounds 67, 64, and 65 is positioned within interaction distance with the backbone nitrogen atom of Ser259 (3.14 Å for 67, 2.90 Å for 64, and 3.87 Å for 65), and because of the relative flexibility of the binding site, it is feasible to assume that a hydrogen bond can be formed ( Figure 2 ). The docking scores for these three derivatives followed the same trends as their K i values ( Table 4) .
Examination of an overlap of the docked structures of the α-C(3) series (66 and 68) and β-C(3) series (64, 65, and 67; Figure S5 , 3α-derivatives in pink shades, 3β-derivatives in green shades) indicated that the latter is rotated 180°in the binding site around the midpoint of the C(8)−C(9) bond. However, the key functional groups of compounds in both series superimposed well. For example, superimpositions of the compounds' aliphatic aminos, aromatic aminos, quinolone cores, and acetate groups that coordinate the enzyme's Zn 2+ ion are all uniform. Hence, it appears that differences caused by alterations in the stereochemistry at C(3) are compensated for by the length of the alkyl spacers connecting the 4,7-ACQ fragments and the central cholate components. Finally, the described overlap of the αand β-series of bis-4,7-ACQ derivatives rationalizes the good activities of diastereomer mixtures 62 and 63.
Antimalarial Activity. All synthesized compounds were screened in vitro against three P. falciparum strains: D6 (CQ susceptible (CQS) strain), W2 (CQ resistant (CQR) strain), and TM91C235 (Thailand, a multidrug-resistant (MDR) strain), following well-established protocols. 54 In brief, the malaria SYBR Green I based fluorescence (MSF) assay is a microtiter plate drug sensitivity assay that uses the presence of malarial DNA as a measure of parasitic proliferation in the presence of antimalarial drugs or experimental compounds. The intercalation of SYBR Green I dye, and its resulting fluorescence, is relative to parasite growth, and a compound that inhibits the growth of the parasite will result in lower fluorescence.
The compounds' antimalarial activities are shown in Table 3 . All of the compounds exhibited better IC 90 activity against both CQR strains in comparison to CQ, and nine are more potent (IC 90 ) against CQS strain D6 than CQ. When compared to MFQ, seven compounds are more active against CQR strain W2, and 19 are more active against MDR strain TM91C235 (IC 90 ). In addition, three inhibitors are more active than artemisinin (ART) against the W2 and TM91C235 strains: 56, 54, 16, and 56, 54, 42 and 16, respectively (IC 90 ).
In general, ACQ2 derivatives are more active than ACQ3 derivatives, with an increase in the length of the alkyl chain resulting in a further decrease in antimalarial activity (e.g., 14, 15 vs 12, 13, and the compounds may further lose activity via the following set of transformations AcO−C(3) → HO−C(3) → OC (3)). In contrast to BoNT/A LC inhibitory activity, further analysis of the compounds' antimalarial activities did not establish a unique pattern of substituent influence on potency. Highly active (IC 90 < 5 nM) and appreciably active (IC 90 < 10 nM) compounds possess C(3)-amino, C(3)-OH, and C(3)-N-Boc substituents on the steroidal core; the same holds for the least active compounds (IC 90 > 100 nM). However, alkylation of the secondary aliphatic amino group at C(24) (yielding a tertiary amine) favors antimalarial activity, as 56 and 54 are the most active derivatives. In general, the antimalarial behavior of the new derivatives suggests that the contribution of substituents to antimalarial activity is more complex than appears at first glance. In this regard, the compounds will be submitted for thorough analysis of their respective physicochemical parameters.
The resistance index (RI, Table 3 ) clearly indicates that most of the compounds are more active against the CQS D6 strain than against the CQ resistant strains. The above results clearly indicate that the mode of action of the steroid-derived aminoquinolines is similar to that of 9 (i.e., CQ), although the compounds are much more active than the parent compound, as shown in Table 3 . This observation is supported by the results of a β-hematin inhibition experiment. Specifically, derivative 23 was selected for the evaluation of its ability to inhibit β-hematin formation using a β-hematin inhibitory activity assay (BHIA). Subsequently, it was found that 23 has an IC 50 that is 3 times lower than that of 9 (CQ) (i.e., 23 (IC 50 = 0.399) vs 9 (IC 50 = 1.09)), thereby demonstrating a significantly better ability to interact with hematin than 9. 24 Hence, these results indicate that our present compounds, like other ACQ-based antimalarials, most likely interfere with the heme detoxification mechanism of malaria.
In general, the examined derivatives showed low metabolic stability ( Table 3 ). Out of the complete set of compounds, 57, 50, and 54 showed desirable in vitro stability, with t 1/2 > 60 min in both human liver microsomes (HLMs) and mouse liver microsomes (MLMs). Somewhat less stable were derivatives 57, 43, and 17, which are stable against MLM but are moderately stable (56) or insufficiently stable (43 and 17) against HLM.
The toxicity of the compounds was estimated using human liver carcinoma cell line (HepG2) and peripheral blood mononuclear cells (PBMC). In general, the HEPG2 assay for cytotoxicity estimation revealed that almost all of the compounds are well tolerated by this cell line, possessing IC 50 ≥ 1000 nM. In addition, high selectivity indices (SIs) were calculated for the most promising antimalarials 54 and 56 (SI > 2300). In addition, 50, 42, 40, 22, and 16 also displayed low toxicity (Table 3) .
Of the tested compounds, the results indicate that 54 and 56 are the most prominent antimalarial agents. The only difference between the two compounds is substitution at the C(3) amino group: NH 2 (54) and (CH 3 ) 2 N (56). Derivative 56 showed somewhat better in vitro activity against all examined malarial strains (IC 50 , IC 90 ); however, lower toxicity against HepG2 (54, IC 50 = 14 380 nM, SI = 5000−2326; 56, IC 50 = 9212 nM, SI = 6823−3177) and better metabolic stability against HLM led to the selection of 54 for in vivo testing.
Compound 54 was administrated po at 40 and 160 mg kg −1 day −1 on day 3, day 4, and day 5 after infection using the Thompson test in ICR female mice with 10 7 × 1 parasites infected with rodent P. berghei strain. 24 Under both treatments mice died on day 13 postinfection. All mice died of malaria, and no signs of tissue damage caused by compound toxicity were 
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■ CONCLUSIONS
Second generation 4,7-ACQ-cholate-based inhibitors of the BoNT/A LC that are significantly more potent than initially discovered leads were described. 42, 43 The introduction of a basic amino group at the C(3) position of the cholic acid component markedly increased inhibitor potencies (IC 50 = 0.81− 2.27 μM). The observation that the substrate binding cleft of the BoNT/A LC is very flexible 48 indicates that the enzyme can conformationally adapt to accept large molecules. 49 This led us to evaluate two additional subclasses: bis(steroidal)-4,7ACQ derivatives and bis(4,7-ACQ)cholic acid derivatives. The bis(4,7-ACQ)cholic acid derivatives were found to possess K i values of <0.4 μM, and compound 67 was the most potent derivative (inhibition (20 μM) of 95%, K i = 0.103 μM). Compounds tested during BoNT/A challenge in primary neurons were found to protect SNAP-25 by up to 89%. In the presence of 5 μL of 100 nM solution of Baf, SNAP-25 protection was slightly higher; however, upon the addition of 25 μL of 100 nM solution of Baf, no further increase in protection was observed. These results suggest that our inhibitors can successfully protect SNAP-25 in the presence of the BoNT/A holotoxin, with only slight additive effects when given in combination with Baf. Docking simulations rationalized the BoNT/A LC inhibitory activities of the compounds in two main terms: (1) coordination of a carbonyl acetate oxygen to Zn 2+ and the expulsion of the catalytic water and (2) formation of strong interactions between ligands and catalytically important amino acid residues, including salt bridges with Asp370 and Glu164 and π−π stacking/H-bonding with Tyr366. With respect to antimalarial activity, all of the compounds exhibited better IC 90 potencies against CQR strains versus CQ, and nine compounds are more potent (IC 90 ) against CQS strain D6 than CQ. When compared to MFQ, seven compounds are more active against CQR strain W2, and 19 are more active against MDR strain TM91C235 (IC 90 ). The two most active compounds exhibit very high in vitro activity against CQR strain W2 (1.35 nM and 3.74 nM, respectively); at the same time both compounds are very active against the BoNT/A LC (2.27 μM, 1.14 μM). However, it is disappointing that compound 54, which possesses excellent in vitro antimalarial activity, failed to protect/cure mice when administered at 40 and 160 mg kg −1 day −1 in a Thompson test. N1-(7-Chloroquinolin-4-yl)ethane-1,2-diamine (ACQ2), N1-(7chloroquinolin-4-yl)propane-1,3-diamine (ACQ3), N1-(7-chloroquinolin-4-yl)butane-1,4-diamine (ACQ4), and N1-(7-chloroquinolin-4-yl)ethane-1,6-hexane (ACQ6) were prepared according to known procedures. 55 N-(3α,7α,12α-Triacetoxy-5β-cholan-24-yl)-N′-(7′-chloroquinolin-4′-yl)ethane-1,2-diamine (12). Alcohol 11 (1.08g, 2.07 mmol) was dissolved in DCM (100 mL). PCC (670 mg, 3.11 mmol) was added, and the mixture was stirred at room temperature for 3.5 h. Reaction mixture was filtered through a short column of SiO 2 (eluent DCM/EA = 7/3). Crude aldehyde was dissolved in DCM (150 mL). ACQ2 (1.06 g, 4.78 mmol) was added, and mixture was stirred 15 min, followed by addition of NaBH(OAc) 3 (1.01 g, 4.76 mmol), and stirring was continued at room temperature overnight. The mixture was transferred into a separatory funnel. Water was added, and following the intensive shaking, the water layer was adjusted to pH ≈ 12 with 0.5 M NaOH solution. Water layer was extracted 2 times more with DCM. Combined organic layers were rinsed with brine and dried over anhydrous Na 2 SO 4 . Solvent was removed under reduced pressure and crude mixture was prepared for column purification (dry flash, SiO 2 , eluent EA, EA/MeOH gradient 95/5 → 9/1, EA/MeOH/NH 3 gradient 18/0.1/0.1 → 18/0.7/0.7 and flash chromatography (Biotage SP1 RP column, eluent MeOH/H 2 O gradient 8/2 → 9/1)]. Yield 793.4 mg (53%). Spectral and analytical data for compound 12 were identical to the ones already described. 43 13)). 13 C NMR (125 MHz, CDCl 3 , δ): 170.61, 170. 58, 151.97, 149.91, 149.03, 134.80, 128.58, 125.18, 121.34, 117.34, 99.12, 75.43, 71.56, 70.82, 49.75, 47.62, 47.48, 45.02, 43.39, 41.97, 41.01, 38.65, 37.74, 34.94, 34.84, 34.25, 33.28, 31.33, 30.49, 28.94, 27.29, 26.69, 25.55, 22.77, 22.52, 21.60, 21.40, 17.88, 12.20 Molecular Modeling. The structure of BoNT/A LC and binding site (BS) used in this study was obtained from previously published crystal structure of protein (PDB code 3DS9). 52 All ligand structures were built in Maestro (Maestro, version 9.3; Schrodinger, LLC: New York, NY, 2012), and their structures were optimized in Semiempirical NNDO module of Schrodinger Suite 2012 (Schrodinger Suite 2012 Semiempirical NDDO Module; Schrodinger LLC: New York, NY, 2012), using the RM1 method. Ionization states for all ligands were examined using sequential pK a estimation in the Epik module (Epik, version 2.3; Schrodinger, LLC: New York, NY, 2012). Ligand log P were calculated using QikProp module (QikProp, version 3.5; Schrodinger, LLC: New York, NY, 2012). Grid docking of the ligands were performed using Glide ligand docking (Glide, version 5.8; Schrodinger, LLC: New York, NY, 2012), using standard precision and flexible ligand sampling, without any additional constraints. Generated docking structures were refined and used for the next step. All structures were docked in ionization state proposed by results of Epik pK a prediction for pH 7.0 ± 2.0, with protonated aliphatic nitrogen atoms in structure. For the next step, Induced Fit Docking was used (Schrodinger Suite 2012 Induced Fit Docking Protocol; Glide, version 5.8; Schrodinger, LLC: New York, NY, 2012; Prime, version 3.1; Schrodinger, LLC: New York, NY, 2012).
All modeling was performed within a pH range of 7.0 ± 1.0, which encapsulates the pH at which the in vitro experiments were conducted (i.e., pH 7.3). For the derivatives presented herein, computational predictions showed that the pK a values of the aliphatic nitrogen atoms range between 9.50 and 10.80 ± 1.0, while the pK a values of nitrogen atoms that are part of the ACQ moiety range between 7.40 and 8.00 ± 1.20. Accordingly, it is plausible to assume that all aliphatic nitrogen atoms in the ligand structures are protonated and that the aromatic ACQ nitrogens are only partially protonated (around 50%). Thus, simulations of ligand binding were conducted with protonated aliphatic nitrogen atoms and neutral aromatic nitrogens. Inhibitor docking was performed using the Glide module. 51 The structures were further refined using Glide with "refine only" option.
Considering the relative inflexibility of the steroidal core and different conformational space of the αand β-substituents at C(3), differences in binding modes could be expected as well. Taking into account the overall flexibility of the BoNT/A LC substrate cleft, it is clear that residues in the enzyme's substrate cleft would undergo some additional conformational changes compared to smaller ligands. For these reasons, the substrate cleft was slightly relaxed via Induced Fit dockings, which was followed by Glide Grid docking. The highest scoring models were further optimized using the OPLS2005 force field with water as a solvent (the solvent effects were simulated using the analytical generalized Born/surface area mode), using Polak−Ribiere conjugate gradient with a maximum of 5000 iterations and gradient convergence threshold of 0.05 kJ/mol. During minimization, the backbone of the protein was constrained and the catalytic engine Zn 2+ and His223, His227, and Glu262 were frozen in space. This treatment resulted in a slightly more open catalytic cleft. Most noticeable feature was the change in orientation of the Met253 residue. In previous binding simulations with smaller inhibitors, it was oriented into the binding cleft, thereby adding to the hydrophobic nature of the pocket. Now, Met253 reorients away from the binding cleft, thus providing enough space for the docking of a larger steroidal bis-ACQ system.
In Vitro Anti-BoNT/A LC Metalloprotease Activity. 57 The HPLC-based assay was used to evaluate small molecule mediated inhibition of the BoNT/A LC in vitro. 42 In brief, this assay utilizes an N-terminal acetylated, C-terminal aminated synthetic peptide identical in sequence to residues 187−203 of SNAP-25. Compounds with intrinsic fluorescence quenching capability do not interfere with the activity measurements of this assay because substrate hydrolysis is determined by HPLC separation of the products from the substrate, followed by measurement of the peak areas. The assay mixture contained 40 mM HEPES−0.05% Tween (pH 7.3), BoNT/A recombinant LC, peptide substrate, 0.5 mg/mL bovine serum albumin, and various concentrations of small molecule. The assay was run at 37°C, quenched by the addition of TFA, and analyzed using reversephase HPLC. Zinc (50 μM excess) was added to the assays to remove compounds that are zinc chelating agents.
Percent inhibition measurements were performed in duplicate, and standard deviations were less than 25% for all. IC 50 calculations were determined by measuring enzyme activity at nine different SMNPI concentrations and in the absence of the small molecule. The small molecule concentrations used in the measurements were determined by estimating the IC 50 value and moving in 1 log increments in either direction of the estimated value. The resulting kinetic data were subsequently fit to the Langmuir isotherm, V i /V o = 1/{1 + ([I]/ IC 50 ) h }, using nonlinear regression analysis. For K i determination, reaction velocity versus substrate concentration was plotted for multiple small molecule concentrations. These plots were analyzed using global kinetic analysis. Subsequently, the data were fit to a model of competitive inhibition and analyzed by nonlinear regression analysis.
Primary Neuron Cell Culture. Ventral spinal cords were isolated from day 6 embryonic chicken embryos and cultured by the method of Kuhn 58 as previously described. 59 Spinal cords were removed from the embryos and the dorsal halves trimmed away. After trypsinization for 25 min, the cells were dissociated by trituration and preplated in Dulbecco's modified Eagle medium for 1 h to enrich the neuronal population by adherence of non-neuronal cells to the culture dish. Cells remaining in suspension were centrifuged for 6 min at 1250 rpm, resuspended in Liebowitz's L15 medium with 10% fetal bovine serum and N3 supplements, and plated onto six-well culture plates that were first coated with poly-L-lysine (1 mg/mL overnight) and then with laminin (7−10 μg/mL for 3−4 h). Neurons were incubated overnight at 37°C in 5% CO 2 before use.
Intoxication, Inhibitor Application, and Western Blot Analysis. Neurons were preincubated with inhibitor for 45 min. Afterward, the cells were incubated with 10 nM BoNT/A and inhibitor for 3.5 h. The cells were then rinsed with fresh culture medium, scraped, and collected into tubes. The tubes were centrifuged, and supernatant was removed and replaced with 30 μL of lysis buffer. After overnight storage at −80°C, the tubes were thawed, vortexed briefly, and incubated on ice for 10 min. Lysates were centrifuged at high speed at 4°C for 30 min to remove debris. Total protein was measured by the Bradford assay. 12% gels were used for SDS−PAGE, and proteins were blotted onto PVDF membranes. Western blots were probed with a 1:2500 dilution of SMI-81 anti-SNAP-25 antibody (Covance Research Products Inc., Berkeley, CA) and 1:20000 horseradish peroxidase (HRP) conjugated goat anti-mouse (Pierce, Rockford, IL). Western blots were developed using a chemiluminescent substrate and imaged with a BioRad Versadoc system. Protein bands were quantitated by densitometry with Quantity One software (BioRad, Hercules, CA).
In Vitro Antimalarial Activity. The in vitro antimalarial drug susceptibility screen is a modification of the procedures first published by Desjardins et al., 60 with modifications developed by Milhous et al., 54 and the details are given in ref 47 . All synthesized aminoquinolines were screened in vitro against P. falciparum strains: CQ and MFQ susceptible strain D6 (clone of Sierra I/UNC isolate), CQ resistant but MFQ susceptible strain W2 (clone of Indochina I isolate), and CQ and MFQ resistant strain TM91C235 (clone of Southeast Asian isolate).
Toxicity: Assessment of SMNPI Toxicity in a HepG2 (Hepatocellular Carcinoma) Cell Line. The compounds were assayed for HepG2 toxicity according to protocol given in ref 47 .
Toxicity: PBMC Cell Assay. Peripheral blood mononuclear cells (PBMC) were separated from whole heparinized blood of healthy volunteers. Blood was diluted with phosphate buffered saline (PBS) (1:1) and layered on Histopaque solution. After centrifugation, interface cells were collected and washed three times with PBS. After counting, cells were resuspended in nutrient medium. Nutrient medium was RPMI-1640 medium, supplemented with 10% fetal calf serum (FCS), 1% glutamine (200 mM), 1% β-mercaptoethanol (5 μM), 1% penicillin (10000 IU mL −1 ), and 1% streptomycin (10 mg mL −1 ). Cells were seeded (200 000 cells per well) in 96-well plates in nutrient medium with 0.5% phytohemagglutinin (PHA) (1 mg mL −1 ) and different concentrations of organic compounds in DMSO. Cells were incubated for 72 h at 37°C in a humidified atmosphere with 6% CO 2 .
Absorbances were recorded at λ = 540 and 670 nm on a recorder (LKB 5060-006, LKB, Vienna, Austria). Absorbances corresponding to viability of cells were obtained as A 540 − A 670 differences. Percent of cell growth inhibition were calculated from formula (A sample − A neg.control )/(A pos.control − A neg.control ) = X and (1 − X) × 100 = % inhibition. IC 50 concentrations were defined as the concentration of a drug needed to inhibit cell survival by 50%, compared with vehicle-treated control.
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